Single-molecule detection and tracking of RNA transcripts in living cells using phosphorothioate-optimized 2′-O-methyl RNA molecular beacons  by Zhao, Dan et al.
lable at ScienceDirect
Biomaterials 100 (2016) 172e183Contents lists avaiBiomaterials
journal homepage: www.elsevier .com/locate/biomateria lsSingle-molecule detection and tracking of RNA transcripts in living
cells using phosphorothioate-optimized 20-O-methyl RNA molecular
beacons
Dan Zhao a, Yantao Yang a, Na Qu a, Mingming Chen a, Zhao Ma a, Christopher J. Krueger a,
Mark A. Behlke b, Antony K. Chen a, *
a Department of Biomedical Engineering, College of Engineering, Peking University, Beijing, 100871, China
b Integrated DNA Technologies Inc., Coralville, IA, 52241, USAa r t i c l e i n f o
Article history:
Received 19 March 2016
Received in revised form
10 May 2016
Accepted 17 May 2016
Available online 24 May 2016
Keywords:
Molecular beacons
20-O-methyl RNA
Phosphorothioate
RNA imaging
Single-molecule detection
RNA dynamics* Corresponding author. Department of Biomed
Engineering, Peking University, No. 5 Yiheyuan Ro
100871, China.
E-mail address: chenak@pku.edu.cn (A.K. Chen).
http://dx.doi.org/10.1016/j.biomaterials.2016.05.022
0142-9612/© 2016 The Author(s). Published by Elseviea b s t r a c t
Molecular Beacons (MBs) composed of 20-O-methyl RNA (2Me) and phosphorothioate (PS) linkages
throughout the backbone (2Me/PSFULL MBs) have enabled long-term imaging of RNA in living cells, but
excess PS modiﬁcation can induce nonspeciﬁc binding, causing false-positive signals. In this study, we
evaluate the intracellular stability of MBs composed of 2Me with various PS modiﬁcations, and found
that false-positive signals could be reduced to marginal levels when the MBs possess a fully PS-modiﬁed
loop domain and a phosphodiester stem (2Me/PSLOOP MB). Additionally, 2Me/PSLOOP MBs exhibited
uncompromised hybridization kinetics, prolonged functionality and >88% detection accuracy for single
RNA transcripts, and could do so without interfering with gene expression or cell growth. Finally, 2Me/
PSLOOP MBs could image the dynamics of single mRNA transcripts in the nucleus and the cytoplasm
simultaneously, regardless of whether the MBs targeted the 5’- or the 30-UTR. Together, these ﬁndings
demonstrate the effectiveness of loop-domain PS modiﬁcation in reducing nonspeciﬁc signals and the
potential for sensitive and accurate imaging of individual RNAs at the single-molecule level. With the
growing interest in the role of RNA localization and dynamics in health and disease, 2Me/PSLOOP MBs
could enable new discoveries in RNA research.
© 2016 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
In recent years, considerable progress has been made in the
discovery of novel RNAmolecules and their functions. Fundamental
to the success of these ﬁndings is the use of gene expression
analysis techniques such as northern blotting, RT-qPCR and DNA
microarrays. While these methods have provided valuable insights
into the expression status of speciﬁc RNAs from populations to
single cells, the need to lyse the cells limits gathering of sufﬁcient
spatiotemporal information necessary to completely characterize
RNA activities. Currently, single-molecule ﬂuorescence in situ hy-
bridization (smFISH) is the method of choice for mapping the
intracellular distribution of RNAs with single-transcript sensitivityical Engineering College of
ad, Haidian District, Beijing,
r Ltd. This is an open access article u[1,2]. In one method, multiple ﬂuorophore-labeled oligonucleotide
(ODN) probes are hybridized to individual RNA transcripts in ﬁxed
cells. As a result, each transcript appears as a discrete bright spot
readily detectable via conventional ﬂuorescence microscopy. While
smFISH has increasingly become a valuable tool in RNA research,
the need for cell ﬁxation makes the technique impractical for
studying RNA dynamics. Therefore, in order to obtain a more in-
depth understanding of the role of RNAs in health and disease,
there remains a need to visualize individual RNAmolecules directly
in native live-cell contexts.
One tool that has great potential for imaging RNAs in their
native environment is the molecular beacon (MB) [3], a class of
oligonucleotide-based probes that are capable of forming a stem-
loop structure with a ﬂuorophore at one end and a quencher at
the other end. In the unhybridized state, the complementary short-
arm sequences ﬂanking the loop domain anneal to form a double-
stranded stem. This brings the quencher into close spatial prox-
imity with the ﬂuorophore to signiﬁcantly quench its ﬂuorescence.nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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stem, causing separation of the quencher from the ﬂuorophore,
allowing emission of a ﬂuorescent signal upon excitation. The
ability to report hybridization events with ﬂuorescence emission
has spurred applications of MB technology from test tubes to living
cells, enabling direct visualization of RNA molecules, including
mRNA [4e13], viral RNA [14e17], microRNA [18e20] and long non-
coding RNA [21,22] in various physiological and pathological
contexts.
Paralleling the growing use of MBs for intracellular RNA anal-
ysis, accumulating evidence has shown that when delivered into
cells, MBs synthesized with unmodiﬁed DNA or 20-O-methyl RNA
(2Me) backbones are quickly sequestered in the nucleus where they
generate false-positive signals as a result of nonspeciﬁc interactions
such as nuclease degradation and/or binding to cellular compo-
nents [6,9]. In an attempt to overcome this problem, several groups
have developed methods to minimize nuclear localization of MBs
[9,23,24]. Alternatively, MBs have been synthesized with
chemically-modiﬁed oligonucleotide (ODN) backbones to enhance
biostability [11,17,25]. In one design, the phosphate group of the
2MeMB has been substituted with a phosphorothioate (PS) linkage
throughout the backbone (2Me/PSFULL MB), a modiﬁcation that
renders an ODN highly nuclease-resistant [17,25]. In living cells,
2Me/PSFULL MBs have been used to visualize the replication of
Coxsackie viral RNA for up to 12 h [17]. Consistent with this, we
showed that 2Me/PSFULL MBs have longer intracellular bioactivity,
in addition to eliciting lower false-positive signals, compared with
MBs without PS modiﬁcation (2Me MBs) [25]. Despite these re-
ported attributes, it was also shown that within a few hours
following cellular entry, 2Me/PSFULL MBs can form discrete, bright
spots that may be misinterpreted as, for example, sites of RNA
accumulation or even single RNA transcripts. Additionally, by 24 h
many of the MBs were found to localize to lysosomes, accompanied
by an increase in false-positive signals. Therefore, in order to better
take advantage of the nuclease resistance property of the PS
modiﬁcation, it is necessary to eliminate these undesirable signals.
The observed nonspeciﬁc ﬂuorescence exhibited by 2Me/PSFULL
MBs reﬂects the problem of nonspeciﬁc binding commonly
encountered with highly PS-modiﬁed ODNs [26e31]. Given that
2Me RNAs are fairly nuclease resistant [32], we hypothesize that
partially PS-modiﬁed 2Me MBs may avoid nonspeciﬁc binding
while still maintaining the nuclease stability needed for sensitive
intracellular RNA imaging. To investigate this possibility, we syn-
thesized MBs composed of 2Me RNA with different numbers and
locations of PS linkages and evaluated their long-term stability in
living cells. The optimal conﬁguration that exhibited the least false-
positive signal was further investigated for its ability to accurately
image single RNA transcripts and measure RNA dynamics in both
the nucleus and the cytoplasm without affecting gene expression
and cell viability.
2. Materials and methods
2.1. Synthesis and spectral analysis of MBs
TheMBs used in this study are listed in Tables 1 and 2. Luciferase
(sequence: 50-GUCAGGACAUCACUUACGCUGAGUUU-30) and MB
repeat (sequence: 50-CUCGACAGGAGUUGUGUUUGUGGACGAA-
GAG-30) target RNA oligonucleotides were also synthesized. All
oligonucleotides were synthesized by Integrated DNA Technologies
Inc (Coralville, IA, USA).
The emission proﬁle of each MB was acquired on a Lumina
ﬂuorescence spectrometer (Thermo Scientiﬁc) by setting the exci-
tation wavelength to 647 nm and recording the emission from 655
to 800 nm. These experiments were carried out in 1xPBS, 0.05%Tween-20, pH 7.4 at 25 C using 50 nM MBs in the presence or
absence of 300 nM complementary target.2.2. Melting proﬁle analysis
The melting proﬁles of all MBs in the absence and presence of
RNA target were acquired using a CFR96 Touch™ Real-Time PCR
Detection system (Bio-Rad). Speciﬁcally, the ﬂuorescence intensity
of a 30 mL solution containing 1 mM MB in the absence or the
presence of 2 mMRNA target in 1xPBS was recorded from 5 to 98 C.
Temperature was increased at one degree per ﬁve minutes to
ensure that the solution reached equilibrium prior to each ﬂuo-
rescence recording. The derivative of the emission recording, with
respect to temperature, is plotted to identify the temperature at
which the ﬂuorescence exhibits the greatest rate of change. This
temperature corresponds to the melting temperature (Tm) of the
MB alone or the MB-target duplex. Melting temperatures are listed
in Tables 1 and 2.2.3. Hybridization kinetics
To evaluate the effect of loop-domain PS modiﬁcation on the
rate of MB-target hybridization, a 500 mL sample of 250 nM
luciferase RNA target was added to 500 mL of 250 nM 2Me/PSLOOP
or 2Me MBs. Fluorescent measurements were taken immediately
on a Lumina ﬂuorescence spectrometer (Thermo Scientiﬁc).
Measurements were performed in 1x PBS, 0.05% Tween-20, pH
7.4 at 25 C.2.4. Synthesis of ﬂuorescently-labeled dextrans
The IRDye®800-labeled dextran used as a reference probe was
synthesized as previously described [25]. In brief, IRDye®800CW
NHS ester (Li-Cor) was reacted with 2.5 mg/mL aminodextran
(MW:10 kDa, Life Technologies) at a dye-to-dextran molar ratio of
3:1 in 50 mM sodium borate buffer (pH 8). After overnight reaction
at 25 C, the mixture was puriﬁed on NAP-5 gel chromatography
columns (GE Healthcare) in phosphate buffer (48 mM K2HPO4,
4.5mMKH2PO4,14mMNaH2PO4), pH 7.2, to remove unbound dye.
The IRDye®800-labeled dextrans were then concentrated on a
Centricon device (Millipore) and the concentration of the
IRDye®800 ﬂuorophore was determined on a BioMate 3S spectro-
photometer (Thermo Scientiﬁc).2.5. Plasmid construction
pGEM-64x and pGEM-32x plasmids, which encode transcripts
containing 64 and 32 tandem repeats of the 50-base sequence 50-
CAGGAGTTGTGTTTGTGGACGAAGAGCACCAGCCAGCTGATCGACCTC
GA-30 were kind gifts of Sanjay Tyagi, Rutgers University, NJ, USA.
The underlined sequence is the unique MB target site. The deriva-
tive constructs, pEGFP-N1-32x and pEGFP-N1-64x, were con-
structed by inserting the respective tandem repeats (total length
1,600bp and 3,200bp) from the parental constructs into pEGFP N1
(Clontech) using EcoRI and BamHI. To construct pEGFP-C1-TAA-
32x, a TAA stop codon was ﬁrst introduced into the EGFP sequence
of the pEGFP-C1 vector (Clontech) by PCR using forward primer 5-
‘ACCTGCACCGGTCGCCACCATGGTGAGCAAGG-3’ and reverse primer
50ACTGCTGAATTCTTACTTGTACAGCTCGTCCATGCCGAGAGTGAG-3’.
The PCR product was then inserted into the same vector using AgeI
and EcoRI to create pEGFP-C1-TAA. The EcoRI- and BamHI-digested
32x fragment was then cloned into pEGFP-C1-TAA to create pEGFP-
C1-TAA-32x.
Table 1
Non-PS-modiﬁed and PS-modiﬁedMBs with no known endogenous target in human cells (anti-luciferaseMBs). Underlined letters indicate theMB stem.m represents 20-
O-methyl RNA modiﬁcation. *represents PS linkage modiﬁcation. All MBs are labeled with a Cy5 ﬂuorophore at the 5’-end and an Iowa Black® RQ-Sp quencher at the 3’-end.
The melting temperature (Tm) of each MB alone or MB-RNA target duplex was measured as described in Materials and Methods. All data are represented as mean ± SD of at
least three independent experiments.
MB name Sequence %PS
modiﬁcation
Tm (OC)
MB alone MB: RNA
duplex
2Me mGmUmCmAmCmCmUmCmAmGmCmGmUmAmAmGmUmGmAmUmGmUmCmGmUmGmAmC 0 76.0 ± 0.0 77.0 ± 0.0
2Me/PSSTEM mG*mU*mC*mA*mC*mCmUmCmAmGmCmGmUmAmAmGmUmGmAmUmGmUmC*mG*mU*mG*mA*mC 37 68.0 ± 0.0 77.8 ± 0.5
2Me/PS10-LOOP mGmUmCmAmCmC*mUmC*mAmG*mCmG*mUmA*mAmG*mUmG*mA*mUmG*mUmC*mGmUmGmAmC 37 75.0 ± 0.0 73.8 ± 0.4
2Me/PSLOOP mGmUmCmAmCmC*mU*mC*mA*mG*mC*mG*mU*mA*mA*mG*mU*mG*mA*mU*mG*mU*mC*
mGmUmGmAmC
67 73.6 ± 0.9 71.8 ± 1.7
2Me/PSALT mG*mUmC*mAmC*mC*mUmC*mAmG*mCmG*mUmA*mAmG*mUmG*mA*mUmG*mUmC*
mGmU*mGmA*mC
56 70.0 ± 0.0 74.5 ± 1.0
2Me/PSFULL mG*mU*mC*mA*mC*mC*mU*mC*mA*mG*mC*mG*mU*mA*mA*mG*mU*mG*mA*mU*mG*mU*mC*
mG*mU*mG*mA*mC
100 62.0 ± 0.0 72.8 ± 0.5
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Primary BJ ﬁbroblast (BJ) cells, human embryonic kidney 293
(293), Jurkat, HeLa cells (American Type Culture Collection) and
HeLa cell lines stably expressing the tandem repeat constructs were
cultured in Dulbecco's Modiﬁed Eagle's Medium without phenol
red (DMEM, Mediatech), supplemented with 10% (vol/vol) FBS
(PAN™ Biotech), 1X GlutaMAX™ (Life Technologies) at 37 C, 5%
(vol/vol) CO2, and 90% relative humidity.
Hela cell lines stably expressing pEGFP-N1-32x, pEGFP-N1-64x
and pEGFP-C1-TAA-32x, denoted as HeLa N1-32x, HeLa N1-64x and
HeLa C1-32x, were generated using geneticin as the selection
marker. First, HeLa cells were transfected with plasmids expressing
an mRNA harboring tandem repeats of the MB target sequence
using Fugene HD (Promega). 24 h following the transfection, cells
were cultured in media containing 0.8e3 mg/mL geneticin for 3
weeks. Single colonies were isolated andmaintained in the absence
of any antibiotics. The presence of the engineered repeats was
conﬁrmed by smFISH against the MB target sequence. Clones that
showed individual RNA punctae easily distinguishable from one
another were used for further studies.2.7. Cellular delivery of MBs
2.7.1. Microporation
Microporation of MBs (and IRDye®800-labeled dextran) was
achieved with a Neon transfection system (Invitrogen) per manu-
facturer's protocol. In brief, after cells were trypsinized, washed
with 1xPBS and pelleted, they were then resuspended in 11 mL
resuspension buffer R (Life Technologies). Microporation wasTable 2
Non-PS-modiﬁed and PS-modiﬁed MBs targeting tandem repeats with no known end
MB stem. m represents 20-O-methyl RNA modiﬁcation. *represents PS linkage modiﬁcat
Black® RQ-Sp quencher at the 3’-end. The melting temperature (Tm) of each MB alone or M
are represented as mean ± SD of at least three independent experiments.
MB name Sequence
2Me mCmUmUmCmGmUmCmCmAmCmAmAmAmCmAmCmAmAmCmU
2Me/PSSTEM mC*mU*mU*mC*mGmUmCmCmAmCmAmAmAmCmAmCmAmAmC
2Me/PS10-LOOP mCmUmUmCmG*mUmC*mCmA*mCmA*mAmA*mCmA*mCmA*mA
2Me/PSLOOP mCmUmUmCmG*mU*mC*mC*mA*mC*mA*mA*mA*mC*mA*mC*mA
mGmAmAmG
2Me/PSALT mC*mUmU*mCmG*mUmC*mCmA*mCmA*mAmA*mCmA*mCmA*m
2Me/PSFULL mC*mU*mU*mC*mG*mU*mC*mC*mA*mC*mA*mA*mA*mC*mA*mC
mG*mA*mA*mGperformed at a concentration of 5000 cells per mL for HeLa, 293 and
primary BJ cells and 20,000 cells per mL for Jurkat cells. To deliver
MBs into cells, 1 mL of sample containingMBs was added to the cells
such that the ﬁnal MB concentrations were 1 or 5 mM. To assess
MBs' intracellular biostability, IRDye®800-labeled dextran was also
included at 1 mM ﬁnal dye concentration in the same cell-probe
mixture. Microporation parameters were set at 1005 V with a
35 ms pulse width and 2 pulses total for HeLa cells, 1150 V with a
20 ms pulse width and 2 pulses total for 293 cells, 1650 V with a
20 ms pulse width and 1 pulse total for BJ cells, and 1325 V with a
10 ms pulse width and 3 pulse total for Jurkat cells. Following
microporation and three washes in culture medium to remove
untransfected probe, HeLa, 293 and primary BJ cells were seeded on
ﬁbronectin-coated 8-well Lab-Tek Chambered Coverglass (Nunc,
Thermo Scientiﬁc) and Jurkat cells were seeded on poly-L-lysine
coated 8-well Lab-Tek Chambered Coverglass for imaging at the
indicated time points.2.7.2. Microinjection
Microinjection of HeLa N1-32x cells was performed using a
Femtojet and Injectman NI2 (Eppendorf) microinjection system
ﬁtted with Femtotips I (Eppendorf). Cells were incubated in DMEM
media, with no phenol red, supplemented with 10% FBS in glass
bottom dishes (Mattek) for all injection experiments.
It should be noted that microinjection was used to provide a
more direct and fast readout on the functionality of the probes in
living cells, as used in previous studies [11,25]. However, microin-
jection is not applicable for efﬁcient delivery of MBs into large
numbers of cells. We have previously shown that microporation
enables efﬁcient delivery of MBs into a large number of cells withogenous target in human cells (anti-repeats MBs). Underlined letters indicate the
ion. All MBs are labeled with an Atto647NN ﬂuorophore at the 5’-end and an Iowa
B-RNA target duplex was measured as described in Materials and Methods. All data
%PS
modiﬁcation
Tm (OC)
MB alone MB: RNA
duplex
mCmCmUmGmAmAmG 0 65.3 ± 0.5 81.7 ± 0.6
mUmCmCmU*mG*mA*mA*mG 31 55.7 ± 0.6 81.4 ± 0.9
mC*mUmC*mCmU*mGmAmAmG 39 61.7 ± 0.6 81.0 ± 1.0
*mA*mC*mU*mC*mC*mU* 73 59.0 ± 0.0 77.7 ± 0.5
AmC*mUmC*mCmU*mGmA*mAmG 50 58.0 ± 0.0 80.3 ± 1.2
*mA*mA*mC*mU*mC*mC*mU* 100 49.3 ± 1.0 75.8 ± 0.5
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ofectamine, nanoparticles, TAT-peptide and streptolysin-O, have
also been used to deliverMB andMB-based probes [5,17e20,33,34].
We expect these methods would also be effective in delivering the
MBs used in this study.
2.8. Preparation of water-in-oil emulsions
To create aqueous bubbles containing the IRdye®800-labeled
dextrans and unhybridized or fully hybridized MBs, water-in-oil
emulsions were prepared according to the procedure described
previously [35]. In brief, Span-80 (447 mg) and Tween-80 (54 mg)
were added to mineral oil (24 g) and the mixture was vortexed
vigorously. A 2 mL aliquot of the mixture was then added to a glass
vial and stirred. An aqueous sample containing 500 nM MBs and
100 nM IRDye®800-labeled dextran in the absence or the presence
of 5 mM complementary synthetic target was then added dropwise
to form a microemulsion. An aliquot of the emulsion sample was
placed on a glass bottom dish (Mattek) for microscopy imaging and
analysis.
2.9. Fluorescent microscopy
All microscopy was done on an Olympus IX 83 motorized
inverted ﬂuorescence microscope equipped with a 40x UplanSApo
0.95NA or a 100x UPlanSApo 1.4NA objective lens, back-illuminated
EMCCD camera (Andor), Sutter excitation and emission ﬁlter
wheels and an MT-20E excitation source (Olympus). Images were
acquired using the Olympus MT20 ﬁlter set for DAPI, EGFP and
TAMRA, (ET620/60x, ET700/75m, T660lpxr, Chroma) for Cy5 and
(ET710/75x, ET810/90m, T760 lpxr, Chroma) for IRDye®800,
respectively. All images were acquired using cellSens Dimension
software. Three-dimensional image stacks were acquired with
0.25 mm increments in the z-direction. Results were analyzed with
Fiji [36] or custom-written MATLAB (Version R2014b 64-bit,
MathWorks) programs.
2.10. Analysis of MB nonspeciﬁc opening in living cells
Nonspeciﬁc opening was measured by comparing ﬂuorescence
images of MBs to a reference dye in control water-in-oil emulsions
and cells, as previously described [25]. To quantify the total in-
tensity of the MB (Cy5) or the reference (IRDye®800) signal, a re-
gion of interest (ROI) was ﬁrst drawn around each bubble or cell,
and the total ﬂuorescent intensity within the speciﬁed ROI was
measured in each image. Similarly, the background ﬂuorescence
was measured from an equal-size ROI drawn in each image. The
ﬂuorescence ratio, FMB/Fref, of each bubble was then calculated by
dividing the background subtracted MB ﬂuorescence by the back-
ground subtracted reference signal. The percentage of MBs opened
was calculated as follows:
%MBs opened ¼ Rcell  RBUBBLES; CLOSED
RBUBBLES; OPENED  RBUBBLES; CLOSED
 100%
where RCELL is the ﬂuorescence ratio of living cells, and RBUBBLE-
S,CLOSED and RBUBBLES,OPENED are the ﬂuorescence ratios of aqueous
bubbles prepared fromwater-in-oil emulsions of unhybridized (0%
opened) and pre-hybridized (100% opened) MBs, respectively.
2.11. Functionality assay
Aqueous samples containing 100 mM synthetic RNA targets
complementary to the anti-luciferase MBs in 1xPBS, pH 7.4 were
injected into HeLa cells previously microporated with the MBs. Thetargets were injected into cells adhered on ﬁbronectin-coated glass
bottom dishes at 7-8 h and 24 h post-microporation. Fluorescent
images of each cell were acquired immediately before and shortly
after injection. Results from at least 20 individual cells were
analyzed for each MB sample at each time point.
2.12. Single-molecule ﬂuorescence in situ hybridization
Single-molecule ﬂuorescence in situ hybridization was per-
formed as previously described with modiﬁcations [37]. Specif-
ically, cells previously microporated with MBs cultured in eight-
well chambered coverglass (50-70% conﬂuency) were ﬁxed in PBS
solution containing 4% (wt/vol) paraformaldehyde for 30 min at
room temperature, washed with 1xPBS, and permeabilized at 4 C
in 70% (vol/vol) ethanol overnight. On the next day, the cells were
washed thrice with wash buffer [2xSSC, 10% (vol/vol) formamide]
and then incubated in hybridization buffer [10% (wt/vol) dextran
sulfate, 2xSSC, 10% (vol/vol) formamide] containing a pool of 36
singly-TAMRA-labeled ODNs (listed in Table S1) that are comple-
mentary to different regions of the EGFP coding sequence
(concentration ¼ 500 nM) for 24 h at 37 C in a humidiﬁed
chamber. Slides were washed with wash buffer followed by 2xSSC
to remove the unbound probe and incubated in 1xPBS prior to
imaging.
2.13. Identiﬁcation of single RNA transcripts
Single RNA transcripts in HeLa N1-32x cells were identiﬁed
using a method described previously [38], with slight modiﬁcation.
In brief, all 3D imageswere ﬁrst subject to a rolling-ball background
subtraction (background ¼ 2) to enhance particulate objects. Par-
ticles were identiﬁed using the 3D Laplacian of Gaussian plug-in
available for Fiji (version ImageJ 1.49m) [36]. After ﬁltering spots
that did not meet a minimum intensity threshold, a region of in-
terest (ROI) was hand-drawn around individual cells and applied to
the ﬁltered stack. All local maxima were then identiﬁed in each
slice of the z-stack using the Find Stack Maxima macro plug-in
(Exclude Edge Maxima and Noise Tolerance ¼ 10). A custom
MATLAB program was written to identify which 2D local maxima
were 3D local maxima by comparing the intensity of each local
maximum in each slice with the intensity of the neighboring pixels
in the current slice and the two adjacent slices (nine pixels in the
slice above, eight surrounding pixels in the same slice, and nine
pixels in the slice below). Each 3Dmaximumwas considered to be a
single RNA molecule.
2.14. RNA colocalization
After determining the 3D coordinates of RNA transcripts in
smFISH and MB images using the methods described above, a
custom MATLAB program was used to identify the extent of
colocalization in three-dimensions as previously described [38],
with slight modiﬁcation. An MB 3D local maximumwas considered
to be an MB colocalization event if an smFISH 3D local maximum
was found within a 5  5  5 voxel cube centered around the MB
maximum. The percentage of MB signals that were colocalized with
smFISH signals was calculated by dividing the number of MB
colocalization events by the total number of MB local maxima. An
smFISH 3D local maximum was considered to be an smFISH
colocalization event if anMB 3D local maximumwas foundwithin a
5  5  5 voxel cube centered around the smFISH maximum. The
percentage of smFISH signals that were colocalized with MB signals
was calculated by dividing the number of smFISH colocalization
events by the total number of smFISH local maxima.
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All images were acquired at 100-300 ms per frame to identify
and localize single engineered RNA transcripts using the TrackMate
plugin in Fiji. In brief, individual peaks and their coordinates were
ﬁrst identiﬁed using a Laplacian of Gaussian ﬁlter followed by
Differences of Gaussian ﬁlters [39]. Peaks that belong to the same
track were identiﬁed by simple Linear Assignment Problem tracker
(linkingmax distance¼ 1 mm, gap-closingmax distance¼ 2 mmand
gap-closing max frame gap ¼ 4). The assigned tracks were then
imported into @msdanalyzer written in MATLAB [40]. Tracks con-
taining at least 15 time lags (Dt) were selected for calculating the
Mean Square Displacement (MSD). For simplicity, the 2-
dimensional diffusion coefﬁcient Deff and a of all trajectories was
obtained from a log-log ﬁt of the following relationship:
<MSD> ¼ 4DeffDta
using the ﬁrst 25% of total time lags, with a minimum ﬁtting
threshold of R2 > 0.9. Tracks with a < 1 were considered to be
diffusion. The diffusion coefﬁcient calculated for Tetraspek beads
(Life Technologies) immobilized on a coverslip as a control for xy
drift (0.0006 mm2/s) was set as a minimum threshold for mobile
fractions.
2.16. Assessment of total EGFP expression levels
To test whether hybridization of MBs to target RNA could affect
gene expression, HeLa N1-32x and HeLa N1-64x stable cell lines
were microporated with MBs at 0, 1 or 5 mM ﬁnal concentrations,
according to procedures described in the microporation section.
Un-microporated cells were also studied for comparison. Cells were
seeded on 24 well plates and cultured for 24 h, and the expression
level of EGFP was determined by western blot.
2.17. Measurement of cell spreading
Following microporation, cell spreading was assessed on
ﬁbronectin-coated 24 well plates at 24 h post-transfection as
described previously [41]. In brief, cells that were mock-
microporated, microporated in the absence of MBs and in the
presence of 0.5 or 5 mM MBs were simultaneously ﬁxed and per-
meabilized in 1xPBS containing 4% (wt/vol) paraformaldehyde and
0.5% Triton X-100 for 20 min. After two washes with 1xPBS, the
ﬁxed cells were then incubated for 30 min in PBS containing Texas
Red-C2-Maleimide (Tx-Red; 1 mg/mL; Sigma) to stain cell bodies
[42] and 1 mg/mL 40,6-diamidino-2-phenylindole (DAPI, Sigma) to
stain nuclei. After washing away unincorporated dyes with 1xPBS,
the Tx-Red and the DAPI channels were imaged. Separate thresh-
olds were set in each channel to obtain good contrast and were
used for the entire dataset. Only single cells in at least 50 unique
images were used for analysis. 3e6 single cells were analyzed per
ﬁeld.
2.18. Measurement of cell proliferation
Un-micorporated cells and cells microporated with 0, 0.5 or
5 mM MBs were seeded on ﬁbronectin-coated 24 well plates and
then cultured in culture media at 37 C. The cell numbers were
determined every 24 h for 72 h by an automated cell counter
(Nexcelom Bioscience).
2.19. Data analysis
All experiments were repeated at least three times unlessotherwise stated. Statistics were performed using one-way ANOVA
with post hoc testing of pairwise comparisons using Fisher's pro-
tected least signiﬁcant difference. Signiﬁcant difference was set at
the P < 0.05 level.
3. Results and discussion
3.1. Intracellular stability of 2Me and 2Me/PSFULL MBs
To assess the intracellular stability of 2Me and 2Me/PSFULL MBs,
anti-luciferaseMBs (Table 1, Supplementary Fig. S1) and a reference
dye (IRDye®800-Dextran) that normalizes against cell-to-cell vari-
ation in MB delivery were co-delivered into HeLa, 293, Jurkat and
primary BJ cells by microporation, and ﬂuorescence microscopy
images of the two signals were quantiﬁed over the course of 10 h
(Fig. 1 and Supplementary Figs. S2, S3 and S4). These anti-luciferase
MBs are nonsense MBs designed to avoid hybridization with
endogenous RNAs, and under ideal circumstances will remain
closed and thus quenched in the cellular environment. While the
majority of the MBs were sequestered in the nucleus (Fig. 1A), as
shown previously [25], the subnuclear localization patterns were
quite different. Speciﬁcally, the majority of cells transfected with
2MeMBs showed diffuse distribution, whereas the majority of cells
transfected with 2Me/PSFULL MBs exhibited a punctate staining
pattern against a diffuse background. In some cells, nonspeciﬁc
localization of the 2Me/PSFULL MBs to lysosomes/mitochondria was
also observed.
To conﬁrm that the observed signal was not due to imperfect
quenching of the ﬂuorophore by the quencher, but rather due to
nonspeciﬁc interaction, the extent of nonspeciﬁc opening was
quantiﬁed based on theMB and the reference signals over time (see
Materials and Methods). It was found that in HeLa cells transfected
with 2Me anti-luciferase MBs false-positive signals increased
steadily over time, with 46% ± 6.7% (S.E.) of the MBs opening
nonspeciﬁcally by 10 h after microporation (Fig. 1B). On the other
hand, the 2Me/PSFULL MB signal was fairly stable, with 5e10% of the
MBs emitting false-positive signals over the course of 10 h. How-
ever, subcellular quantiﬁcation of ﬂuorescence of the punctate
bright spots showed >80% of the MBs localized therein were
opened nonspeciﬁcally. Similar ﬁndings were obtained when the
MBs were microporated into 293 cells (Supplementary Fig. S2),
Jurkat cells (Supplementary Fig. S3) and primary BJ cells
(Supplementary Fig. S4). Additionally, similar ﬁndings were also
found in HeLa cells when using another nonsense MB sequence
(anti-repeat MBs) with no endogenous RNA targets (Table 2,
Supplementary Figs. S5 and S6). Together, these studies were
consistent with our previous ﬁndings that 2Me/PSFULL MBs are
much more stable than 2Me MBs in the cellular environment [25],
but can still elicit false-positive signals.
3.2. Intracellular stability analysis of partially PS-modiﬁed MBs
To investigate whether partially PS-modiﬁed MBs have reduced
punctate ﬂuorescence while maintaining nuclease resistance, anti-
luciferase MBs composed of 2Me RNA with various PS modiﬁca-
tions (Table 1) were co-delivered with the reference probe into
cells. Similar to both 2Me and 2Me/PSFULL MBs, following micro-
poration into HeLa or 293 cells the majority of the MBs were
detected in the nucleus (Fig. 1A). Nevertheless, the ﬂuorescence of
cells microporated with partially PS-modiﬁed MBs exhibited large
differences in ﬂuorescence intensities and were more diffusely
distributed compared to 2Me/PSFULL MBs. The decrease in punctate
signals suggests thatMBsmodiﬁed to incorporate fewer PS linkages
can show reduced nonspeciﬁc signals compared with 2Me/PSFULL
MBs in living cells.
Fig. 1. Nonspeciﬁc opening of non-PS-modiﬁed and PS-modiﬁed MBs in living cells. A) Representative images of anti-luciferase MBs acquired at 10 h following microporation
into HeLa cells. The MBs used were not complementary to any known endogenous RNA or DNA sequence in HeLa cells. The inset shows an expanded segment of the image. Arrows
point to bright puncta in the nucleus. B) The percentage of nonspeciﬁc opening was quantiﬁed over the course of 10 h as described in Materials and Methods. Note that 2Me/PSLOOP
anti-luciferase MBs were least susceptible to nonspeciﬁc opening. Each data point represents the mean ± S.E. from at least 40 cells. (Scale bar, 10 mm).
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ﬂuorescence could be accompanied by a reduction in false-positive
signals, ﬂuorescence of cells microporated with the partially PS-
modiﬁed MBs were quantiﬁed over time. It was found that,
despite the similarity in subcellular localization patterns, the
different partially PS-modiﬁedMBs generate very different levels of
false-positive signals (Fig. 1B). For example, 2Me/PSSTEM MB, which
contains 10 PS linkages that fully replace the phosphate linkages of
the stem, generated the highest false-positive signal, reaching
39.1% ± 5.3% (S.E.) nonspeciﬁc opening by 10 h post-transfection.
The 2Me/PSALT MB, which contains 15 PS linkages in an alter-
nating fashion throughout the backbone, and the 2Me/PS10-LOOP
MB, which contains 10 PS linkages alternating throughout only
the loop domain, both elicit false positive signals that correspond to
5e10% nonspeciﬁc opening. The 2Me/PSLOOP MB, which possesses a
fully PS-modiﬁed loop domain, generated the lowest false-positivesignal, with only 2.7% ± 1.0% (S.E.) of the MBs opening nonspeciﬁ-
cally by 10 h. Analogous experiments performed in other cell types
(Supplementary Figs. S2, S3 and S4) or with another set of MBs
having no endogenous target sequence (Table 2, Supplementary
Figs. S5 and S6) also showed that the 2Me/PSLOOP MB generated
the lowest false-positive signals that correspond to 1-3% nonspe-
ciﬁc opening. Given that the two nonsense MB sets (anti-luciferase
and anti-repeat MBs) are different in their stem and loop lengths
and sequences, yet the 2Me/PSLOOP design generated the least false-
positive signals in cells in both cases, this suggests that the ad-
vantages of the 2Me/PSLOOP design can be generalized to other MB
sequences. Finally, in vitro hybridization kinetics experiments
showed that 2Me/PSLOOP MBs and 2Me MBs have similar rates of
hybridization to complementary target RNA (Fig. 2), suggesting
loop-domain phosphorothioate modiﬁcation does not interfere
with MB-target hybridization. Overall, these data suggest that the
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Based on the above results, it appears that the degree of false-
positive signals in PS-modiﬁed MBs is design-speciﬁc. For
example, the similarity in nonspeciﬁc opening between the 2Me/
PSSTEM and 2MeMBs suggests that incorporating PS linkages within
the stem domain has little impact on MB nuclease stability. Addi-
tionally, the 2Me/PSSTEM MB was more susceptible to nonspeciﬁc
opening than the 2Me/PSFULL MB. This suggests that speciﬁcally
protecting the loop domain by PS-modiﬁcation may contribute to
MB stability. Consistent with these ﬁndings, the 2Me/PS10-LOOP MB
was more resistant to nonspeciﬁc opening than 2Me/PSSTEM MBs,
although both probes possessed the same number of PS linkages.
Furthermore, the 2Me/PSLOOP MB generated the lowest level of
false-positive signals, conﬁrming that nuclease resistance of the
loop domain is critical for resisting nonspeciﬁc opening. Comparing
2Me/PSLOOP and 2Me/PSFULL MBs, there is an increase in false pos-
itive signal associated with PS-modiﬁcation of the stem domain.
While this difference reﬂects the increased non-speciﬁc in-
teractions caused by extensive PS-modiﬁcation [26e31], it is also
consistent with previous reports that PS-modiﬁed bases have
reduced base-pairing afﬁnity [43], which potentially destabilizes
the stem duplex. Together, these studies demonstrate that simply
reducing the number of PS modiﬁcations is insufﬁcient to reduce
false-positive signals. Rather, the location of PS linkages is also a
major determinant for MB stability.
In summary, we have identiﬁed 2Me/PSLOOP MB as an effective
conﬁguration that exhibited lower false-positive signals than both
2Me and 2Me/PSFULL MBs in living cells. Furthermore, the ﬁnding
that loop-domain phosphorothioate modiﬁcation could signiﬁ-
cantly reduce false-positive signals has signiﬁcant implications for
understanding why different patterns of modiﬁcations inﬂuence
MB distribution and activity in the cellular environment. Although
previous studies have reported that 2Me ODNs are more sensitive
to degradation by exonucleases than endonucleases [44], for 2Me
MBs the importance of protecting the loop domainwith PS suggests
that degradation by single-strand-targeting endonucleases, rather
than exonucleases, is the major cause of nonspeciﬁc opening,
similar to DNA-MBs [9]. Presumably, the presence of the ﬂuo-
rophore and the quencher at each end of theMB can block attack by
5’- and 3’-exonucleases. Consistent with this idea, we showed that
PS modiﬁcation of the stem alone confers no additional resistance
to nonspeciﬁc opening as compared with 2Me MBs. For 2Me/PSFULL
MBs, the reduced nonspeciﬁc opening upon removing stem domain
PS linkages (2Me/PSLOOP) suggests that mechanisms other thanFig. 2. Hybridization kinetics. The rate of hybridization of complementary target RNA
to 2Me/PSLOOP (solid line) and 2Me (dashed line) anti-luciferase MBs were compared.
Fluorescence was acquired every 10 s. Normalized ﬂuorescent intensity is plotted
versus time.nuclease degradation were the main cause of nonspeciﬁc opening
in the highly PS-modiﬁed 2Me/PSFULL MBs. As extensively PS-
modiﬁed ODNs have increased propensities for binding nonspe-
ciﬁcally to various proteins and cellular compartments [26e31], our
results suggest that similar interactions caused the 2Me/PSFULL MBs
to generate false-positive signals in living cells. Finally, despite
being the most stable conﬁguration, the 2Me/PSLOOP MB could still
elicit a detectable false-positive signal. This suggests that the MB
was still susceptible to nuclease degradation, nonspeciﬁc binding
or both, to a minor extent.
3.3. Functionality analysis of the 2Me/PSLOOP and conventional MBs
in living cells
To assess whether the 2Me/PSLOOP MB could still retain the
ability to hybridize to target RNA in living cells, excess target RNA
was injected into HeLa cells 8 and 24 h after microporation of anti-
luciferase MBs (Fig. 3A). If the MBs were functionally active, in-
jection of the targets should lead to an increase in MB ﬂuorescence.
At 8 h, injection of the targets led to a noticeable increase in MB
signal in both the nucleus and the cytoplasm. Comparison of
cellular ﬂuorescence before and after injection of the targets
showed a 10.0 ± 2.4 fold increase. By contrast, injection of targets
into cells microporated with 2Me/PSFULL and 2Me MBs led to
4.4 ± 1.5 fold and 1.5 ± 0.7 fold increase in MB signals, respectively
(Fig. 3B). Similar results were obtained when target RNA was
injected into cells 24 h after microporation of the MBs. Thus, in
good agreement with its lower false-positive signals compared
with the conventional MBs, the 2Me/PSLOOP MB was also more
functionally active in living cells.
3.4. Evaluating the accuracy of the 2Me/PSLOOP and 2Me/PSFULL MBs
for single-molecule RNA detection
Although smFISH has been proven a powerful technique for
quantifying and mapping the intracellular localization of individual
RNA transcripts, its inability to do so in living cells can hinder
deeper understanding of spatiotemporal regulation of RNA activ-
ities such as processing, trafﬁcking and transcriptional bursting,
and their biological consequences. Therefore, there has been a great
interest in developing methods capable of imaging single RNAs in
living cells with sensitivity comparable to smFISH. Given that the
2Me/PSLOOP MB exhibited a low level of false-positive signal and
remained functionally active in living cells, we next tested whether
it could be used to accurately image RNA transcripts with single-
molecule sensitivity.
To investigate this possibility, we created a HeLa cell line stably
expressing an engineered RNA transcript that harbors 32 tandem
repeats of an MB target sequence upstream of the EGFP coding
sequence (seeMaterials andMethods). This cell line is referred to as
HeLa N1-32x. It was hypothesized that if anti-repeat MBs (Table 2)
designed to target the tandem repeat sequence could accurately
hybridize to the pEGFP-N1-32x transcripts, then individual RNA
transcripts should appear as discrete, high-intensity bright spots
when imaged under a conventional wideﬁeld ﬂuorescence micro-
scope. Additionally, after the cells were ﬁxed and permeabilized
and the EGFP-coding sequence labeled by optically-distinct smFISH
probes, bright spots resulting from smFISH should colocalize with
those reﬂecting MB-target hybridization, since both the tandem
repeats and the EGFP coding sequencewere transcribed as one RNA
molecule.
After HeLa N1-32x cells microporated with 2Me/PSLOOP anti-
repeat MBs were processed by smFISH, discrete bright spots were
readily detected in both the nucleus and the cytoplasm in the
respective ﬂuorescence channels (Fig. 4A). Quantiﬁcation of
Fig. 3. Functionality analysis of 2Me/PSLOOP and conventional MBs in living cells. Excess complementary RNA targets were injected into HeLa cells 8 h and 24 h after
microporation of 2Me/PSLOOP, 2Me/PSFULL or 2Me anti-luciferase MBs. Fluorescent images of the cells were acquired before and within several minutes after injection. A)
Representative post-injection ﬂuorescent images. B) Quantiﬁcation of ﬂuorescence images showed that 2Me/PSLOOP MBs exhibited high signal enhancement upon injection of the
targets into the cells. Each data point represents the mean ± SD from at least 10 cells. *represents signiﬁcant differences from both 2Me/PSFULL and 2Me MBs. (Scale bar, 10 mm).
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revealed that 88% of the MB puncta colocalized with the smFISH
puncta and 84% of the smFISH puncta colocalized with the MB
puncta at 8 h post-microporation (Fig. 4B-C). A slight decrease in
colocalization was detected at 24 h post-microporation. The
observed reduction in colocalization over time was presumably
caused by cell division, which dilutes the pool of MBs available for
hybridizing to target RNAs and makes differentiation of RNA tran-
scripts difﬁcult. Consistent with this, lower colocalization was
detected when MBs were microproated at lower concentration
(1 mM) (Supplementary Fig. S7).
In contrast, in analogous experiments performed with 2Me/
PSFULL anti-repeat MBs, a large amount of the MB signal was
detected at lysosomes (Supplementary Fig. S8). The smFISH signals,
as expected, exhibited a punctate staining pattern throughout the
cells, suggesting that the observed MB signal was highly nonspe-
ciﬁc. Consistent with these observations, quantiﬁcation of ﬂuores-
cence signals showed that 55% of the 2Me/PSFULL MB signal
colocalized with the smFISH puncta at 8 h and 44% of the smFISHpuncta colocalized with the 2Me/PSFULL MB signal. Little colocali-
zation was detected at 24 h (Fig. 4B-C). The reduced colocalization
of the 2Me/PSFULL MB as compared to the 2Me/PSLOOP MB is in good
agreement with our results showing that 2Me/PSFULL MBs were
more prone to nonspeciﬁc opening and less functionally active in
living cells than 2Me/PSLOOP MBs.3.5. Single-particle tracking of individual RNA transcripts in living
cells with 2Me/PSLOOP MBs
To date, movement of single RNA molecules has been charac-
terized primarily by the use of the MS2 system, in which a ﬂuo-
rescent protein (FP) fused to the coat protein of bacterial phageMS2
is co-expressedwith an engineered RNA construct containingmany
tandem repeats of the MS2 binding site in its 5’- or 30-UTR [45e47].
In this manner, speciﬁc RNAs are tagged by multiple ﬂuorophores
through MS2 protein-RNA interactions, making the targeted tran-
script appear as a high-intensity bright spot. Although molecular
beacons, in principle, could be utilized to image RNA dynamics in a
Fig. 4. Detection of single RNA transcripts using 2Me/PSLOOP MBs and smFISH. After microporation of HeLa N1-32x cells with 5 mM 2Me/PSLOOP anti-repeat MBs, the cells were
ﬁxed and permeabilized and smFISH was performed to assess the accuracy of MBs for detecting single RNA transcripts. A) Representative maximum intensity projection images of
2Me/PSLOOP MBs (Atto647NN-labeled) and EGFP smFISH (TAMRA-labeled) at 8 h and 24 h post-microporation. A customMatlab programwas written to analyze B) the percentage of
MB signals that were colocalized with smFISH signals and C) the percentage of smFISH signals that were colocalized with MB signals on a cell-by-cell basis. Colocalization of 2Me/
PSFULL MBs and smFISH is also shown for comparison. Data represent mean ± SD of at least 10 cells. *represents signiﬁcant differences from the 2Me/PSFULL MB. (Scale bar, 10 mm).
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image endogenous RNA molecules, one major obstacle that has
hampered their widespread use for single-transcript analysis is the
tendency to generate false-positive signals in living cells [9]. Given
that 2Me/PSLOOP MBs, as developed in this study, showed greater
than 88% accuracy for intracellular RNA detection, we proposed to
investigate whether they could be used to study RNA dynamics in
living cells.
To investigate this possibility, HeLa N1-32x cells were micro-
porated with 2Me/PSLOOP anti-repeat MBs and time-lapse images
were acquired at 8 h post-microporation (Supplementary Movies 1,
2 and 3). Individual bright spots, indicative of single RNAtranscripts, could be observed in both the nucleus and the cyto-
plasm. Single-particle tracking analysis of 541 individual tran-
scripts revealed that, on average, the pEGFP-N1-32x transcripts
moved slower in the nucleus than in the cytoplasm (Fig. 5A). Spe-
ciﬁcally, ~60% of the pEGFP-N1-32x transcripts in the nucleus were
immobile, with the remaining mobile molecules moving with an
average diffusion coefﬁcient of 0.003 mm2/s. On the other hand, less
than 30% of the transcripts in the cytoplasm were immobile, with
the mobile fraction moving with a diffusion coefﬁcient of
0.011 mm2/s. Greater than 72% and 82% of the mobile transcripts in
the cytoplasm and in the nucleus, respectively, had a values less
than 1 (see Materials andMethods), suggesting mRNA trafﬁcking in
Fig. 5. Diffusion kinetics of single RNA transcripts in the nucleus and the cyto-
plasm. HeLa N1-32x and C1-32x cells were microporated with 5 mM 2Me/PSLOOP anti-
repeat MBs, and time-lapse images were acquired 8 h after microporation. Single
particle tracking analysis was performed to determine the diffusion coefﬁcient of in-
dividual RNAs as described in Materials and Methods. A) The distribution of diffusion
coefﬁcients of single mobile pEGFP-N1-32x RNAs in the nucleus (n ¼ 130 tracks) and in
the cytoplasm (n ¼ 411 tracks) analyzed from 20 cells. B) The distribution of diffusion
coefﬁcients of single mobile pEGFP-C1-TAA-32x RNAs in the nucleus (n ¼ 177 tracks)
and the cytoplasm (n ¼ 466 tracks) analyzed from 18 cells. Inset shows the mean ± S.E.
diffusion coefﬁcients. No signiﬁcant difference in mobility between the pEGFP-N1-32x
and pEGFP-C1-TAA-32x RNAs was observed. On average, single RNA transcripts moved
signiﬁcantly slower in the nucleus than in the cytoplasm.
Fig. 6. The effect of 2Me/PSLOOP MBs on gene expression. Total EGFP protein
expression was assessed by western blot 24 h after microporation of 0 (black ﬁll), 1 (no
ﬁll) or 5 mM (gray ﬁll) 2Me/PSLOOP anti-repeat MBs into HeLa N1-32x and HeLa N1-64x
cells. GAPDH was used as a loading control. All data are represented as mean ± SD of at
least three independent experiments. *represents signiﬁcant differences from both 1
and 5 mM MBs.
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using the MS2 system in U2OS cells [47]. Similar results were ob-
tained when analogous experiments were performed in HeLa C1-
32x cells (Fig. 5B), which stably express an RNA transcript encod-
ing EGFP and bearing 32 tandem repeats of the MB target sequence
within the 30-UTR, suggesting that an mRNA transcript can be tar-
geted by 2Me/PSLOOP MBs at either the 5’- or the 30-UTR. Overall,
these results show that the majority of the engineered RNA tran-
scripts moved slower in the nucleus than in the cytoplasm, and are
in good agreement with previous studies that investigated the
intracellular motion of b-actin mRNAs tagged with MS2-GFP [47].
The slow movement of engineered RNAs in the nucleus is consis-
tent with the idea that the nucleus is densely packed with chro-
matin and is more viscous than the cytoplasm [48].
Supplementary video related to this article can be found athttp://dx.doi.org/10.1016/j.biomaterials.2016.05.022.
It should also be noted that combining the 2Me/PSLOOPMBswith
repeats of a unique target sequence for imaging single RNA mole-
cules can have advantages over the FP-MS2 approach. For example,
the MB-based tagging system can utilize a wide variety of organic
ﬂuorophores that are brighter, more photostable and have a wider
range of selectable emission spectra than ﬂuorescent proteins.
Additionally, in the absence of RNA target, the ﬂuorophores of the
MBs are quenched, which reduces the background signal signiﬁ-
cantly as compared with unquenched ﬂuorescent proteins of the
MS2 system. Furthermore, the small size of MBs may cause less
interference with normal function of tagged RNAs as compared
with FP-MS2 fusion tags [49].
3.6. Effect of 2Me/PSLOOP MBs on gene expression
Previous studies have shown that PS-modiﬁed 2Me ODNs
exhibited reduced antisense effects than those caused by PS-
modiﬁed DNA ODNs [50]. In order to use 2Me/PSLOOP MBs as a
reliable tool for intracellular analysis of RNAs, it is important that
they do not alter the expression and the function of target tran-
scripts. To investigate this, HeLa N1-32x cells were microporated
with 0, 1 or 5 mM of 2Me/PSLOOP anti-repeat MBs, and expression of
EGFP was evaluated by western blot at 24 h (Fig. 6). It was found
that the expression of EGFP was not signiﬁcantly altered by the
different treatments, suggesting hybridization of the 2Me/PSLOOP
MBs to the pEGFP-N1-32x transcripts does not affect their
expression and function. However, when analogous experiments
were performed in HeLa N1-64x cells, which stably express a
transcript that harbors 64 tandem repeats of the MB target
sequence inserted at the 50-UTR of the EGFP coding sequence, 1 and
5 mM MBs could lead to a 1.5 and 2.7-fold reduction of EGFP
expression, respectively. Together, these results suggest that 2Me/
PSLOOP MBs could be used for imaging RNAs without interfering
with their functions.
3.7. Effect of 2Me/PSLOOP MBs on cell viability
One concern with the use of chemically-modiﬁed ODNs for
cellular applications is the potential to cause cell death. To inves-
tigate the effect of 2Me/PSLOOP MBs on cell viability, we assessed
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following microporation of 2Me/PSLOOP anti-repeat MBs. Quanti-
tative analysis of cell spreading showed there was no difference in
spreading between untransfected cells and cells transfected with 0,
0.5 or 5 mM2Me/PSLOOP anti-repeat MBs at 24 h post-microporation
(Fig. 7A, Supplementary Fig. S9). Additionally, there was no differ-
ence in cell number under the different treatments for up to 72 h
post-microporation (Fig. 7B). Therefore, these results suggest that
2Me/PSLOOP MBs do not affect cell growth and might be used for
long-term imaging of gene expression in living cells.
4. Conclusion
Paralleling the ever-growing list of newly discovered RNA
molecules and functions, it has become essential to be able to
visualize their intracellular distribution and dynamics with high
spatial and temporal resolutions in order to decipher their re-
lationships to the maintenance of health and the onset of diseases
in the native cellular context. Conventional (2Me and 2Me/PSFULL)
MBs have been used for imaging endogenous RNA molecules, but
their tendency to interact nonspeciﬁcally and generate false-
positive signals limits sensitivity and accuracy for RNA detection
in living cells [9,10,24].
In this study, we systematically optimized the extent of PSFig. 7. The effect of 2Me/PSLOOP MBs on cell spreading and proliferation. A) Mean
cell spreading of HeLa N1-32x cells labeled with Tx-Red Maleimide after microporation
of 2Me/PSLOOP anti-repeat MBs at different concentrations. (B) Mean cell counts at
different time points following microporation of 2Me/PSLOOP anti-repeat MBs at
different concentrations. All data are represented as mean ± SD of at least three in-
dependent experiments.modiﬁcation of the 2Me backbone and successfully created a new
molecular beacon platform that overcomes the shortcomings
associated with conventional MBs. This optimal conﬁguration
(2Me/PSLOOP MBs) possesses a fully PS-modiﬁed loop domain and a
non-PS-modiﬁed stem domain. Compared with conventional MBs,
the 2Me/PSLOOP MB exhibited a marginal level of false-positive
signals in living cells. In addition, the 2Me/PSLOOP MB could show
similar accuracy in detection of individual RNA transcripts as
smFISH. Furthermore, the 2Me/PSLOOP MB could be used tomonitor
the movement of single engineered RNA transcripts in both the
nucleus and the cytoplasm of living cells, without interfering with
either gene expression or cell behaviors. Overall, this study high-
lights the effectiveness of loop-domain phosphorothioate modiﬁ-
cation in protecting MBs against nonspeciﬁc opening in the cellular
environment, and the usefulness of 2Me/PSLOOP MBs when com-
bined with tandem repeat target sequences for live-cell tracking
and localization of speciﬁc RNA molecules at the single-molecule
level. With the increasing need for high resolution imaging of
speciﬁc RNAs at the single-molecule level, the 2Me/PSLOOP MB
could be a useful tool in furthering our understanding of the role of
RNA in health and disease.
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